The aim of this study is to develop a population pharmacokinetic (PopPK) model for intravenous busulfan in children that incorporates variants of GSTA1, gene coding for the main enzyme in busulfan metabolism.
Introduction
The bi-functional alkylating agent busulfan (Bu) is a key component of several conditioning regimens used before stem cell transplantation (SCT). In children, it has been used as an alternative to total body irradiation (TBI) with comparable event-free survival (EFS) in patients with acute myeloblastic leukaemia (AML) [1] and less developmental and cognitive impacts in long-term survivors [2, 3] . Bu is also included in conditioning regimens before allogeneic SCT for acute lymphoblastic leukaemia [4] and non-malignant diseases [5, 6] as well as in autologous transplantation regimens for highrisk neuroblastoma [7] [8] [9] [10] and relapsed/refractory Hodgkin lymphoma [11] .
Despite its wide utilization, Bu presents a narrow therapeutic window. Higher rates of relapse and rejection occur among patients with a low Bu exposure, whereas overexposure correlates with transplant-related toxicities such as acute graft versus host disease (aGVHD), sinusoidal obstruction syndrome (SOS) and death [12] [13] [14] [15] . Pharmacokinetic (PK) studies have demonstrated a high intra-and interpatient variability despite equivalent doses of Bu [16] [17] [18] [19] [20] [21] [22] . Dosing recommendations in children are supported by population PK (PopPK) studies, which describe concentrationtime data according to weight and/or age [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Recently, single nucleotide variations (SNV) of the gene coding for glutathione S-transferase alpha-1 (GSTA1), implicated in the main metabolic pathway of Bu conjugation to glutathione, was successfully introduced into a PopPK model in adults, suggesting that patients heterozygous for GSTA1 g.-69C>T variant (haplotype *B) should have their doses decreased [32] .
Although another study has failed to include the same GSTA1 variants into a PopPK model in children [33] , data from Choi et al. [32] agrees with previous findings from our group, whereby paediatric patients homozygous for haplotype *B, combined with those heterozygous for haplotype *B1b (g.-69C>T, g.-513A>G, g.-1142C>G), presented lower Bu clearance and had higher risk of treatment-related toxicities [34] . Moreover, as reported in a recent publication, three distinct groups of patients were identified based on GSTA1 haplotypes combinations (diplotypes), which were associated with different gene expression and consequently with Bu metabolizing capacity [13] .
Based on a wider analysis of SNVs occurring in GSTA1 promoter region and previously described occurring haplotypes, this current study aims to include that genetic information in a PopPK model to improve individualization of Bu dosing and consequently optimize Bu PK parameters in paediatric patients.
Methods

Patients
After approval by the local Institutional Review Board, 247 medical charts of paediatric patients who received IV Bu as part of the conditioning regimen in preparation for autologous or allogeneic SCT between April 2002 and August 2016 at CHU Sainte-Justine (261 transplantations) were reviewed. Signed informed consent was available for 173 patients. The regimens that include other chemotherapeutic drugs before or during the days of Bu infusion were not considered in the analysis. Out of the remaining 137 patients, five were further excluded because no PK data was available, ten were excluded due to absence of GSTA1 genetic information and ten due to missing crucial clinical data. The present analysis is part of an ongoing study registered at clinicaltrials.gov site (NCT01257854) and a subset of patients was reported in previous studies [13, [34] [35] [36] .
schedules: from April 2002 to April 2012, a 2-h infusion every 6 h (Bu6) was used. Starting May 2012, the previous schedule was replaced by a 3-h infusion every 24 h (Bu24). Bu6 initial doses were prescribed as follows: 16 mg m À2 in infants ≤3 months of age; 0.8 mg kg À1 in children >3 months and <1 year or ≥4 years old; and 1.0 mg kg À1 in those ≥1 year and <4 years old [35] . Busulfan once-daily doses (Bu24) were obtained by multiplying Bu6 doses by four. PK-guided dose adjustments were possible from the 2nd (Bu24) or the 5th (Bu6) dose and so on, aiming for a total cumulative AUC of 18 000 μM min À1 every 4 days. Oral lorazepam (q6h) or levetiracetam (q12h) were used during the days of Bu infusion as seizure prophylaxis, starting in the morning of the first Bu dose, up to 24 h after the last infusion. Other drugs presenting a potential drug-drug interaction with Bu, such as the azole antifungals, were temporarily withheld or replaced during the days of Bu infusion, when possible.
PK analysis and genotyping
Samples were obtained from a central venous line (not used to administer Bu) immediately before and at 120, 135, 150, 180, 240, 300 and 360 min after the start of infusion of Bu6 doses and 180, 195, 240, 300, 360 and 480 min for Bu24 doses. Plasma concentrations of Bu were determined using a high-performance liquid chromatographic (HPLC) assay with ultraviolet detection [37] . PK parameters were estimated using non-compartmental analysis (NCA) in WinNonlin (Pharsight, version 3.1). GSTA1 genotyping was performed as previously described [38] from peripheral mononuclear cells or saliva samples, prior to the first Bu infusion. Haplotypes were determined based on single nucleotide variants of GSTA1 occurring at the following loci: -69 (rs3957357); -513 (rs11964968); -631 (rs4715333) and -1142 (rs58912740), as detailed in Supplemental Material, Table  S1 . Those haplotypes were previously reported as being associated with differences in promoter activity [13] , as shown in Supplemental Material, Figure S1 . Hence, considering both alleles (diplotypes), patients were classified into three distinct groups, based on the potential gene expression as rapid (G1), normal (G2) and poor metabolizers (G3), according to Supplemental Material, Figure S2 .
Population pharmacokinetic analysis
Bu IV administration was assumed to be constant with an infusion duration of 120 min for Bu6 and 180 min for Bu24 doses. Concentration-time data was analysed using Phoenix -NLME 6.4 (Certara USA Inc., Princeton, NJ, USA), using the first-order conditional estimation (FOCE) and the interaction option. Nonlinear mixed effects models were used to describe typical PK compartmental models (e.g. one-or twocompartmental models with linear or nonlinear elimination) that better fit the Bu concentration-time data. Betweensubject variability (BSV) and inter-occasion variability (IOV) in PK parameters were modelled as exponential randomeffect models in order to constrain the individual parameter values positively, which were thus assumed to follow a lognormal distribution. Model evaluation and selection were based on pertinent graphical representations of goodness-of-fit and on the minimization of À2 log (likelihood), which was presented as the objective function value (OFV). A decrease in the OFV of 3.84 and 5.99 (P = 0.05), respectively for 1 and 2 degrees of freedom were considered as statistically significant.
Anthropometric data descriptors
Body weight, body surface area (BSA) and body composition were applied to the base model. For weight, theoretical and empirical allometric scaling were tested. Another allometric scaled size factor was also tested in the model, which is composed by free fat mass [39] added to the fraction of fat mass that interferes on Bu PK. As proposed by McCune et al. [24] , that fraction is 51% for the Bu CL and 20% for the V. Bu metabolism maturation on CL was evaluated as a maturation function (Fmat), which was derived from patients' postmenstrual age (PMA), obtained by adding a gestational age of 40 weeks to post-natal age, as also described by McCune et al. [24] . All respective equations used for calculations are available in the supplemental material (Supplemental Material, Table S2 , Equations A, B, C, D and E).
Covariate analysis and sources of variability
Covariate analysis was carried out using visual inspection followed by a formal evaluation in Phoenix. The latter consisted of a stepwise forward additive approach (P = 0.05) followed by backward elimination (P = 0.01). Potential covariates included: sex, baseline disease (malignant vs. nonmalignant) and GSTA1-based group (G1, G2 or G3), PMA, post-natal age and conditioning regimen (BuCy vs. others).
During forward selection, covariates were tested in univariate analysis and deemed significant if the OFV decreased by at least 3.84 (P ≤ 0.05, DF = 1) followed by their inclusion in the model. During backward elimination, significance of the covariates was confirmed by removing one at a time from the full model and required an increase in the OFV of at least 6.63 (P ≤ 0.01, DF = 1) to remain in the model.
Model evaluation
The performance of the final PopPK model was evaluated with diagnostic plots and prediction-corrected visual predictive check (pcVPC). In pcVPC, both the observations and the model predictions were normalized to population prediction in each bin of the independent variable (i.e., time after last dose). Based on the estimates of the final model, time profiles of concentrations were simulated using 1000 replicates. Within each bin, nonparametric 95% percentile intervals of the 2.5th, 50th and 97.5th percentiles of predicted-corrected concentrations were computed and compared to the 2.5th, 50th and 97.5th percentiles of observed-corrected concentrations. In order to assess whether the final model could be used to estimate individual PK parameters based on population means and sparse PK data, changes in the estimates of BSV, residual variability and shrinkage in individual random effects were evaluated [39] . Shrinkage values of ≤20% indicate good individual estimates of a parameter of interest, while larger shrinkage values show that individual Bayesian estimates 'shrunk' towards the population mean values.
In addition, the stability and precision of the model were evaluated using a nonparametric bootstrap within Perl-Speaks-NONMEM (PsN V3.4.2) [40] . The bootstrap technique involves resampling from the original data, with each individual subject considered as a sampling unit. One thousand replicates of the data were generated by bootstrap to obtain the median and 95% percentile of PK parameters and the fixed-and random-effect parameters. The bias of each parameter was calculated by computing the difference between the median value derived from the bootstrap and the final parameter estimate.
Comparison with other available PopPK models
A simple comparison was performed with other available paediatric PopPK models for Bu, which do not include GSTA1 as a covariate. First doses were calculated according to the estimated individualized Bu CL from our model as well as according to four other models [23] [24] [25] 27] , recently reported as the best performing ones [36] . Two additional models were included, upon which FDA [29] and EMA [31] have built their dosing recommendations for Bu in children (see Supplemental Material, Table S3 ). For the models that allow a flexible target Css [24, 25, 27] 
Results
A total of 199 PK profiles were obtained from 112 paediatric patients, 0.1-20 years of age (median 5.4 years old), of which 115 received a Bu-containing conditioning regimen before an SCT. Patients' clinical and demographic characteristics are summarized in Table 1 . A hundred and fourteen PK profiles (57%) were obtained from 31 conditioning regimens using Bu24 doses (mean of 3.7 PK profiles per regimen). In contrast, PK profiles of Bu6 doses were almost exclusively derived after the first dose (99%). A total of 1735 blood samples were available for the PopPK analysis (median 9, range 7-18 samples from patients receiving Bu6; median 28, range 14-28 samples from patients receiving Bu24). Observed concentration-time profiles of Bu are plotted in Supplemental Material, Figure S3 .
Base model
Bu concentration-time data was best described by a one-compartment model with a first-order elimination. The maturation factor of Bu metabolism (Fmat, see Supplemental Material, Table S2 , equation D) and theoretical allometric scaling of the actual body weight (ABW) were included in the base model. During covariate analysis, PMA (ΔOFV = À26.7, P = 2.3 × 10 À7 ) and GSTA1 diplotypes groups (ΔOFV = À11.7, P = 0.003) were retained as significant covariates on V and CL, respectively. Compared to normal metabolizers (G2), rapid metabolizers had 7% faster CL rates (G1) while poor metabolizers (G3) had 12% slower CL rates (see Supplemental Material, Figure S4 ). The PopPK parameter estimates of the final model for a patient with a median body weight of 70 kg as well as the results from the bootstrapping are presented in Table 2 . Goodness-of-fit plots in Figure 1 show that the model predictions were in reasonable agreement with the observed plasma concentrations. The pcVPC plots shown in Figure 2 suggest that the model adequately describes Bu levels by accounting for differences in body size, maturation of CL and GSTA1 diplotypes groups. The robustness of the final model was shown by the bootstrap results ( Table 2 ). The population estimates for the final model were similar to the mean of the bootstrap replicates and within the 95% confidence interval obtained from the bootstrap analysis. The individualized clearance was predicted by the following equation:
where F GSTA1 = 1.07 for G1, 1 for G2 and 0.88 for G3 patients.
Comparison with other PopPK models
Doses obtained through the parameters of the GSTA1-based PopPK model achieved the target AUC in 85.2% of cases (95% CI 78.7-91.7%), which was significantly higher in comparison with other tested models, as detailed in Table 3 . The performance of the different models, across the age groups, is shown in Table 3 . Among 16 patients classified as poor metabolizers (G3), three patients had a predicted AUC in the toxic range using GSTA1-based doses. A similar number was observed when doses were calculated using McCune's or Bartelink's model. On the other hand, GSTA1-based doses resulted in no G1 patients outside the target AUC, contrarily to the doses calculated by the models of Bartelink (18.8%, P = 0.25), McCune (43.8%, P = 0.02), Long-Boyle (37.5%, P = 0.03), Paci and Nguyen (68.8%, P < 0.001) and Booth (81.3%, P < 0.001) (Supplemental Material, Figure S5 ).
Discussion
This study has provided the first PopPK model for Bu in paediatrics that successfully incorporated a genetic factor as a covariate into the PK parameter estimation. Although consistent data exist on GSTA1 genotype as an influencing factor of Bu PK (studies are summarized in Supplemental Material, Table S4 ), it was only recently introduced in a PopPK model in adults. Choi et al. [32] reported that patients heterozygous for GSTA1 haplotype *B have 15% lower CL compared to homozygous haplotype (*A), consequently requiring a dose reduction. Due to the rarity of haplotype *B in the Asian population [41] , no homozygous patients were included in that model, revealing a limitation in its applicability to other ethnic groups. In Caucasians, for example, for whom the prevalence of *B homozygosis has been reported as higher than 50%, Zwaveling et al. failed to incorporate the GST genetic variants (GSTA1, GSTM1, GSTT1 and GSTP1 genes) into a PopPK for Bu in children and adolescents [33] . However, for GSTA1, that study accounted only for the -69C/T locus, which does not seem to be the best marker to assess the potential activity of the gene promoter. The latter fact could possibly explain the negative finding in that study. Although -69C/T can adequately identify *B homozygous, it does not distinguish the *B1b haplotype, which was associated with a reduced promoter activity, even in heterozygosis. Moreover, haplotypes *A2 and *A3, in homozygosis or compound-heterozygosis, stand out as related to a higher promoter activity compared to *A1 carriers, and, again, those cannot be distinguished from *A1 haplotype by assessing only the -69 locus [13] . However, in the present study, a more reliable classification was used, based on GSTA1 haplotypes and diplotypes, grouped according to the available in-vitro and clinical studies. That way, three distinct groups were identified and successfully incorporated into a PopPK model, which resulted in a better performance when compared with other available models that do not account for the GSTA1 genotypic variability.
The structural model that best fitted our data was a onecompartment model with first-order elimination, which is comparable to most of the available Bu PopPK models developed in paediatrics. As detailed in Supplemental Material, Table S5 , several PopPK models are available in paediatrics. Invariably, the source of variability of the PK parameters has been attributed to anthropometric characteristics of the patients, with no successful incorporation into those models of external factors, such as the drug combinations used during conditioning regimens, or other intrinsic factors, such as genetic markers. However, concerning the external factors, some publications suggested a decrease of Bu CL of 10-30% after 3-4 days of fludarabine (Flu), a chemotherapeutic drug frequently used along with Bu before SCT [42] [43] [44] . It is worth noting that that association, BuFlu, has been included in the development cohort of some of those PopPK models, for whom the presence of a covariate analysis including Flu is not clear, as detailed in Supplemental Material, Table S6 . A recent publication from our group also suggested that Bu CL would be lower in BuFlu associations, even though a biological rationale is still unknown [36] . In the present model, in an attempt to avoid that bias, only conditioning regimens including Bu as the first drug, administered with no other chemotherapeutic drug during the 4 days of the infusion, were considered in the model development.
Besides the genetic background as a covariate, the proposed model is based on the maturation of the metabolism of Bu in children, as proposed by McCune et al. [24] . The authors suggested an E max sigmoid curve to explain the Bu maturation, which would reach 50% of the adult metabolic rate at 46 weeks of PMA. The PMA is calculated from the first day of the last menstruation period of the mother prior to the birth, which is set to 40 weeks due to missing information. Based on McCune et al.'s finding, this maturation factor (Fmat) was tested in our model and was a more significant covariate on clearance than post-natal age. As proposed by McCune et al., the E max sigmoid curve of Fmat could guarantee the reliability of the model in patients aged in months through to young adulthood. Other models such as those described by Bartelink et al. [23] and Paci et al. [27] have employed a weight-dependent empirical allometric scaling on CL, which also seemed to improve the predictability of their models with ageing. Contrarily, in the model proposed by Long-Boyle et al. [25] , two different agedependent linear corrections for CL were used, establishing 12 years old as a cut-off. That method, in comparison with the present model, resulted more frequently in toxic AUC, GSTA1-based busulfan population pharmacokinetic model in children especially in patients over 10 years old. The current dosing recommendations for the use of Bu in children and adolescents are based on the recommendations of the regulatory agencies such as the European Medicines Agency (EMA) and the Food and Drug Administration (FDA). Nguyen et al. [31] , who used a log-linear function of the weight and Booth et al. [29] who used a fixed empirical allometric scaling of the weight on CL, described the two models that support EMA and FDA recommendations, respectively. Both models included only 24 children and adolescents in their development cohort. Compared to our model, the results of those models revealed that the rate of Bu metabolism is, at least in children, only partially explained by the weight and the size. The body composition was also evaluated by McCune et al. in the prediction of PK parameters. Initially, the authors described that a fraction of the fat mass (51% on CL and 20% on V) in addition to the free fat mass (FFM) would describe better the Bu PK parameters than absolute body weight (ABW) [24] . The resulting normal fat mass (NFM), as it was called by the authors, along with theoretical allometric scaling, were tested in the present data with no advantage in comparison to ABW. On the other hand, it is worth mentioning that only a few obese patients were included in the current study, equivalent to 6% of the available concentration-time data.
The current model proposes that GSTA1 diplotypes may be a useful tool to identify patients with significant differences in Bu PK and confirms the previously reported classification of poor (G3), normal (G2) and rapid (G1) metabolizers [13, 36] . However, as much as 13% and 7% of the variability between subjects (BSV) on CL and V, respectively, remained unexplained. Other genetic markers not included in the present analysis, such as GSTM1-null, also found in association with PK in older children [13] , could partially explain that variability, as well as other genetic and non-genetic factors. Especially the G2 patients, considered normal metabolizers and comprising 71% of our cohort, presented a high variability, and certainly consist of a group to be better described in terms of PK influencing factors and potentially sub-grouped, establishing a more reliable classification. Meanwhile, the incorporation of the GSTA1 diplotypes seemed to reduce the overall BSV of CL by 27% (from 18.3% to 13.3%), by addressing the extremes of the individual metabolic potential of Bu. Among G1 individuals, GSTA1-based doses resulted in a better achievement of AUC target. Those patients were previously reported as having higher EFS even with lower first-dose AUCs and less treatment-related toxicities [13] . In spite of the improvement of the prediction, it is still not clear whether GSTA1-adjusted doses may impact clinical outcomes in those patients. On the other hand, among G3 patients, who were recognized as having higher risk of toxicities, the dose prediction based on the model's parameters resulted in three patients in the toxic range, which was similar to other models that did not account for genetic markers, as presented in Supplemental Material, Figure S4 . As only 16 G3 patients were included in the development cohort, comparisons between the models must be done with caution. To assess those questions, a larger, multicentre prospective study is needed to better evaluate the performance of the present model.
Conclusion
The present maturation-and pharmacogenetic-based PopPK model for Bu is the first to be described in a paediatric population. Based on the identification of three 
Figure 2
Prediction-corrected visual prediction check (pcVPC) of final model. Q6H for doses every 6 h and Q24H for doses every 24 h. The dots represent observed concentrations and dashed lines represent 2.5th, 50th and 97.5th percentiles of observed-corrected concentrations; solid lines represent 2.5th, 50th and 97.5th simulated percentiles within each bin; shaded areas represent 95% confidence interval of the 2.5th, 50th and 97.5th prediction intervals groups of diplotypes of GSTA1 associated with distinct gene activity, this model may contribute considerably to better predict Bu exposure in children and adolescents, by providing a reliable tool for dose tailoring according to the individual metabolic capacity. A larger study, preferably a prospective trial, is needed to confirm our results and to assess the safety and the feasibility of that personalized approach in Bu prescription in children and adolescents. Figure S1 GSTA1 haplotype and reporter gene assay of GSTA1 promoter Luciferase activities of the proximal promoters of GSTA1 variants (GSTA1*A1, GSTA1*A2, GSTA1*A3, GSTA1*B1a, GSTA1*B2, GSTA1*B1b) in transient transfection in HepG2 cells. Error bars represent the standard deviations. Pairwise comparisons by analysis of variance (ANOVA) between data for the GSTA1*A1 vs. any other haplotype, after Bonferroni correction. *** P < 0.001; **** P < 0.0001, ***** P < 0.000001 Figure S2 Composition of groups based on GSTA1 diplotypes [36] Figure S3 Blood Bu concentration vs. time after first dose. Q6H for doses every 6 h and Q24H for doses every 24 h Figure S4 Box plot of random effects (ETA) on clearance (CL) and volume of distribution (V) from structural model according to GSTA1-based groups before their inclusion as covariates Figure S5 Performance of models in G1 and G3 patients. Predicted first dose AUCs in the toxic range among G3 patients (A) and sub-therapeutic first dose predicted AUCs among G1 patients (B) a Significant differences between respective models and GSTA1-based model (P < 0.05)
